Campylobacter jejuni is a small genome pathogen that is incapable of growing strictly anaerobically due to its dependence on an oxygen-requiring ribonucleotide reductase for DNA synthesis. Nevertheless, it has a complex branched respiratory chain, which allows the use of several alternative electron acceptors for growth under oxygen-limited conditions. C. jejuni is equipped with both nitrate reductase (Nap) and nitrite reductase (Nrf) located in the periplasm, each predicted to receive electrons from menaquinol through distinct redox proteins. The pathways of electron transport to nitrate and nitrite are reviewed in this paper. Nitrate is considered as a potential in vivo electron acceptor and a role for nitrite reductase in NO detoxification is suggested.
Introduction
The genus Campylobacter comprises many significant gastrointestinal pathogens that have assumed increasing prominence in recent years as the causative agents of major animal and human diseases. They are Gram-, spiral-shaped bacteria that are characterized as being microaerophilic and they also require increased levels of carbon dioxide for growth [1] . Campylobacter jejuni is generally recognized as the leading cause of acute bacterial gastroenteritis in both the Western world and in developing countries [2] , where it is acquired by handling or ingesting contaminated food, milk or water. Poultry is a particularly common source of contamination [2] and C. jejuni is a commensal of the gastrointestinal tract of many species of birds. Acute symptoms of C. jejuni infection in humans include diarrhoea, but the sequelae can include colitis, reactive arthritis and the Guillaine-Barré syndrome.
Despite the importance of C. jejuni as a food-borne pathogen, there are many aspects of the physiology of this bacterium that remain poorly defined [1] . However, physiological studies are crucial in understanding both the mechanisms of pathogenicity of C. jejuni and its ability to survive in the environment, the host and in the food chain. Such studies may also lead to the identification of potential targets for controlling or preventing the growth of these bacteria.
Electron-transport chains in C. jejuni
Currently, C. jejuni is regarded as an obligate microaerophile, with a respiratory metabolism based on the use of oxygen as the terminal electron acceptor. The genome sequence of strain NCTC11168 [3] reveals the presence of two terminal oxidases, a cb-type cytochrome c oxidase, and a bd-like quinol oxidase. The genome also encodes a number of reductases, which allow the bacterium to carry out respiration with several alternative electron acceptors to oxygen. Never-theless, it has been shown that C. jejuni is not capable of growing strictly anaerobically [4] , and this seems to be due to the presence of only a single oxygen-requiring ribonucleotide reductase, which is essential for DNA synthesis. Growth under severely oxygen-limited conditions with alternative electron acceptors has, however, been demonstrated [4] . Electron input to the menaquinone pool is through an Ndh-1 (complex I) type membrane-bound quinone reductase, a hydrogenase, succinate dehydrogenase and a variety of other primary substrate dehydrogenases, including formate dehydrogenase. In terms of oxygen-dependent electron transport, the four subunit cb-type cytochrome c-oxidase probably receives electrons from the proton-translocating cytochrome bc 1 complex through a high-potential periplasmic c-type cytochrome and would thus terminate a highly coupled proton-translocating respiratory chain. The alternative oxidase (CydAB homologues) would be predicted to oxidize menaquinol directly and provide a less-coupled route for oxygen respiration. Two unlinked genes encoding periplasmic cytochrome c peroxidases may be important for detoxifying hydrogen peroxide in the periplasm. Several well-defined oxygen-independent electron-transport chains can be identified in C. jejuni [4] . First, a fumarate reductase, very similar to the well-characterized enzyme from Wolinella succinogenes, is encoded by Cj0408-0410. An electron-transport chain from quinol to N-or S-oxides like trimethylamine N-oxide (TMAO) or dimethylsulphoxide (DMSO) is formed by Cj0264, a DorA/TorA homologue, and Cj0265, a mono-haem c-type cytochrome. This has been shown by the construction of a Cj0264c null mutant that possessed no detectable Methyl Viologen-linked TMAO or DMSO reductase activity, demonstrating that Cj0264c encodes the sole TMAO and DMSO reductase in C. jejuni [4] .
C. jejuni is also equipped with both Nap (periplasmic nitrate reductase) and Nrf (nitrite reductase) located in the periplasm, each predicted to receive electrons from menaquinol through distinct redox proteins. Because of the periplasmic location of Nap and Nrf, a proton-motive force can only be generated at the level of the primary dehydrogenase and not from quinol oxidation.
Functional significance of alternative respiratory pathways in C. jejuni: the emerging importance of Nap and Nrf in pathogens
What electron acceptors are likely to be important for the growth of C. jejuni in vivo? As it possesses a cb-type cytochrome c-oxidase that probably has very high oxygen affinity, the reduction of oxygen even at the very low concentrations probably found in the avian or mammalian gut is a possibility, but there is actually no experimental evidence that such traces of oxygen could support the relatively high cell densities (up to 10 9 cells/g) found, for example, in chicken caecal contents. Other electron acceptors may be more important. Fumarate is an obvious candidate, as it is a citric-acid cycle intermediate which may leak out of cells to be available at mucosal surfaces, and C. jejuni contains an active fumarate reductase that has been shown to support growth under severely oxygen-limited conditions [4] . However, there is increasing evidence that nitrate respiration may play a significant role in the growth of human and animal pathogens in vivo. In Mycobacterium bovis, membrane-bound nitrate reductase (Nar) activity has been shown to contribute to virulence [5] , and nar mutants were not capable of colonizing a mouse animal model. In a wide range of Gram-(Gramnegative) bacterial pathogens, including C. jejuni, Naps are more commonly present compared with Nar-type enzymes [6] . Nitrate concentrations in human body fluids are in the range 10-50 µM [6] . Significantly, it has been shown that, in Escherichia coli (which has both Nar and Nap), the Nap enzyme has a much higher affinity for nitrate compared with the membrane-bound Nar [7] , making Nap ideally suitable for a role in scavenging the low nitrate concentrations encountered in vivo. The product of nitrate reduction, nitrite, is a potentially toxic anion, but this can be reduced to ammonia by the activity of Nrf. Many Gram-pathogens contain the periplasmic cytochrome c nitrite reductase (Nrf) which works in concert with Nap [6] . There is evidence for the formation of multimeric Nap-Nrf complexes in E. coli [6] , and at low nitrate concentrations, C. jejuni might be able to efficiently reduce nitrate to ammonia using such a complex, by preventing nitrite from diffusing away, thus allowing maximal energy conservation and also avoiding nitrite toxicity. Finally, Nrf may also have an additional role in nitric oxide detoxification which is only just beginning to be recognized. Nitric oxide is an extremely important component of the defence of the host against invading pathogenic bacteria. It has been known for many years that cytochrome c nitrite reductases can carry out the five-electron reduction of NO to NH 4 + in addition to the six-electron reduction of nitrite to ammonia [8] . Recent work in E. coli [9] has indicated that this reaction may be physiologically relevant under micro-aerobic conditions and this provides a new perspective on the role of Nrf in pathogens.
Use of nitrate as electron acceptor: the nap operon in C. jejuni
Nitrate reductase activity has been demonstrated in intact cells by nitrite accumulation assays [4] . As with fumarate, nitrate-dependent growth in C. jejuni can only be demonstrated under oxygen-limited, not strictly anaerobic conditions [4] . The NAP class of nitrate reductase is a two-subunit complex, located in the periplasm, which is usually coupled with quinol oxidation through a membraneanchored tetra-haem cytochrome. The C. jejuni NAP enzyme is encoded by a napAGHBLD operon [3, 4] . NapA is an ∼90 kDa catalytic subunit which binds a bis-molybdenum guanosine dinucleoside (MGD) cofactor and a [4Fe4S] cluster. NapB is an ∼16 kDa electron-transfer subunit, which in other bacteria binds two c-type haems. NapD (13 kDa) is proposed to be involved in maturation of NapA prior to export to the periplasm [6] . The nap operon of C. jejuni does not contain napC, encoding the NapC subunit. NapC acts as an electron donor to the NapAB complex, a role which was shown to be essential in the function of nitrate reductases in many bacteria, including E. coli and Paracoccus pantotrophus [6] . Analysis of the C. jejuni genome shows that it does encode a NapC homologue (Cj1358c), but it is upstream of the nrfA nitrite reductase gene. The operonal location of Cj1358c implies that it is part of the nitrite reductase system, and thus may not be involved in electron transfer to the nitrate reductase. This is the case in W. succinogenes, which encodes a NapC-like subunit (NrfH) similar to the product of Cj1358c [10] . NrfH has been shown to be the mediator between the quinone pool and the cytochrome c nitrite reductase (NrfA) of W. succinogenes [10] . This leaves the question of how the NapAB complex is coupled to menaquinol oxidation. It is probable that the NapG and NapH subunits could function in this role. NapG (27 kDa) is predicted to bind up to four Fe-S clusters. NapH (30 kDa) is predicted to be an integral membrane protein with four transmembrane helices with both the N-and C-termini on the cytoplasmic side of the membrane. We are targeting the nap operon for mutagenesis to test the function of these genes in nitrate reduction. A napA mutation results in the complete abolition of (i) nitrate reductase activity in whole cells as assayed with Benzyl Viologen as electron donor, (ii) nitrate-stimulated growth under oxygen-limited conditions (the mutant grows normally under standard microaerobic conditions) and (iii) nitrite production from nitrate in batch cultures incubated either microaerobically or under oxygen limitation. We conclude that the nap operon encodes the only nitrate reductase in C. jejuni and that it is essential in mediating growth using nitrate as a terminal electron acceptor under oxygen-limited conditions. A napG mutant does, however, show a low rate of growth and nitrite accumulation compared with the parent strain, suggesting that it may be possible for electrons to be donated to the NapAB complex through a NapG-independent route. One obvious possibility, which we are currently testing, is through the NapC homologue NrfH. As yet, it is not known if the C. jejuni Nap system has any in vivo role; it may also have other functions such as in survival in foods or the environment where nitrate is present, or in nitrogen assimilation in combination with nitrite reductase, which produces ammonia.
Use of nitrite as electron acceptor: the nrfHA operon
The sole nitrite-reducing enzyme predicted from the genome sequence to be present in C. jejuni is cytochrome c nitrite reductase (NrfA; Cj1357), which is the terminal enzyme in the six-electron dissimilatory reduction of nitrate to ammonia. This is a periplasmic enzyme, which was detected in intact cells of C. jejuni using Methyl Viologen as an electron donor [4] . In other bacteria, there are two distinct systems for the transfer of electrons resulting from menaquinol oxidation to NrfA, the NrfH tetrahaem protein described by Simon et al. [10] for Wolinella succinogenes, and the NrfBCD system of e.g. E. coli K-12, in which the NrfA is connected to the quinol oxidase NrfCD by the soluble penta-haem cytochrome c NrfB [11] .
The organization of the genes for the nitrite-reducing enzyme in C. jejuni (Cj1357c) and the upstream gene (nrfH) encoding a putative NapC/NirT-type cytochrome c (Cj1358c), is very similar to the W. succinogenes nitritereducing system in which NrfA accepts electrons from a membrane-anchored tetra-haem cytochrome [10] . Mutagenesis of nrfA in W. succinogenes results in the complete abolition of both nitrate-dependent growth and viologendependent nitrite reductase activity [10] . However, our initial studies with an nrfA mutant of C. jejuni show that, although nitrite-dependent growth under oxygen-limited conditions is prevented, the mutant retains up to 20% of the wild-type rate of Methyl Viologen-dependent nitrite reduction. This would suggest the presence of a hitherto unsuspected alternative nitrite reductase, which we are currently investigating.
NrfA from most bacteria contains an unusual CXXCK motif for the haem 1 binding site, instead of the CXXCH motif found in many haem-containing enzymes. This substitution in NrfA may explain the requirement for a modified haem lyase for covalent attachment of the active-site haem. The C. jejuni NrfA homologue, Cj1357, is slightly larger at 69 kDa when compared with the W. succinogenes NrfA (58 kDa), and contains a novel ligation at haem 1, with a CXXCH motif instead of CXXCK. This would explain the absence from C. jejuni of genes encoding haem lyases that are found in other bacteria [12] . The functional consequences of this substitution are not known at present, and it is possible that it could have important implications for the catalytic activity of the protein. Interestingly, the predicted NrfA of the closely related Helicobacter hepaticus [13] also contains the haem1 CXXCH motif rather than CXXCK.
Is there a role for NrfA in NO detoxification in C. jejuni?
A variety of enzymes have the ability to detoxify nitric oxide. A single-domain globin, Cgb, has been shown to mediate resistance to NO and nitrosative stress in C. jejuni [14] . This protein is strictly inducible by NO or nitrosating agents, and so other, constitutive mechanisms of NO resistance might be necessary to prevent cell death upon sudden exposure to NO (as might occur during transfer of C. jejuni from the environment to the gut) until sufficient Cgb protein can be made. As mentioned above, NrfA has been shown to have a role in NO reduction under anaerobic conditions in E. coli [9] . The evidence for this is based on the phenotype of an nrfA mutant that was also lacking the sirohaem nitrite reductase nirB. This mutant was deficient in anaerobic NO reductase activity, was more growth inhibited under anaerobic conditions by NO gas compared with the nrfA + parent strain, and was hypersensitive to nitrosating agents [9] . In C. jejuni, NrfA is constitutive, but an assessment of the role of NrfA may be complicated by the presence of more than one nitrite reductase activity (see above), making it difficult to observe a clear phenotype in mutant studies. Nevertheless, in preliminary experiments we have observed that an nrfA mutant is more sensitive to killing by the NO releasing agents spermine-NONOate and DETA-NONOate compared with the wild-type parent strain. Further studies will be aimed at dissecting out the contribution of NrfA to the protection against the toxic effects of NO. 
